Condensed tannin (CT) contents of European aspen (Populus tremula L.) vary among genotypes, and increases in nitrogen (N) availability generally reduce plants' tannin production in favor of growth, through poorly understood mechanisms. We hypothesized that intrinsic tannin production rates may co-vary with gene expression responses to soil N and resource allocation within the phenylpropanoid pathway (PPP). Thus, we examined correlations between soil N levels and both expression patterns of eight PPP genes (measured by quantitative-reverse transcription PCR) and foliar phenolic compounds (measured by liquid chromatography-mass spectrometry) in young aspen genets with intrinsically extreme CT levels. Monitored phenolics included salicinoids, lignins, flavones, flavonols, CT precursors and CTs. The PPP genes were consistently expressed more strongly in high-CT trees. Low N supplements reduced expression of genes throughout the PPP in all genets, while high N doses restored expression of genes at the beginning and end of the pathway. These PPP changes were not reflected in pools of tannin precursors, but varying correlations between gene expression and foliar phenolic pools were detected in young and mature leaves, suggesting that processes linking gene expression and the resulting phenolics vary spatially and temporally. Precursor fluxes suggested that CT-related metabolic rate or sink controls are linked to intrinsic carbon allocation strategies associated with N responses. Overall, we found more negative correlations (indicative of allocation trade-offs) between PPP gene expression and phenolic products following N additions in low-CT plants than in high-CT plants. The tannin-related expression dynamics suggest that, in addition to defense, relative tannin levels may also be indicative of intraspecific variations in the way aspen genets respond to soil fertility.
Introduction
Plants' environmental responses are triggered by chemical signals under hydraulic control (i.e., related to sink control or fluxes, Lambers et al. 2008) . The variability of their responses to external factors will determine the characteristic ecological amplitude of a given species or ecotype (Aphalo and Ballaré 1995) . Trees and shrubs of the Salicaceae (Populus and Salix) are important elements of many Northern hemisphere ecosystems, from high altitude and arctic to subtropical and desert habitats (Ruuhola and Julkunen-Tiitto 2000 , Cronk 2005 , Cooke and Rood 2007 , Luquez et al. 2008 . These woody plants commonly associate with specific and complex ecological communities (Schweitzer et al. 2004 , Bailey et al. 2005 , LeRoy et al. 2006 , Albrectsen et al. 2009 , Robinson et al. 2012 , Bernhardsson et al. 2013 ) and consequently are often referred to as foundation species (Cronk 2005 , Ellison et al. 2005 . Salicaceous trees also have species-specific signatures of phenolics (Boeckler et al. 2011) , which are synthesized by the phenylpropanoid pathway (PPP) and vary with genotype (Orians et al. 2000 , Lindroth and St Clair 2013 , Keefover-Ring et al. 2014a ). Many phenolic compounds have antagonist effects on diverse taxa and biological processes, so they are often regarded as having defensive roles, although they may simultaneously attract some associated species while repelling others (Lindroth and St Clair 2013) . Defense phenolics are traditionally associated with two of ca six main classes of aromatic compounds (Figure 1 ): the polyphenolic condensed tannins (CTs) and the less complex but generally more toxic salicinoid compounds. The PPP is well characterized (Tsai et al. 2006 , Hamberger et al. 2007 , Chen et al. 2009 , Constabel and Lindroth 2010 , except for the biosynthetic steps leading to salicinoids (Babst et al. 2010 , Boeckler et al. 2011 ). However, several aspects regarding allocation priorities have not yet been elucidated. Examples include the mechanisms whereby plants adjust levels of specific classes (or species) of phenolic compounds in accordance with detected environmental threats and opportunities, and whether the high variability in tannin signatures reflects correspondingly diverse intraspecific allocation strategies.
Phenolic compounds constitute substantial fractions of biomass in salicaceous tissues. For example, lignins may account for over 20% of the wood biomass in Populus trichocarpa Torr. & Gray (Studer et al. 2011) , foliar lignins for 10-15% of dry mass in Populus fremontii S. Watson (Schweitzer et al. 2004 ) and tannins for up to 25% of biomass in leaves of Populus tremuloides Michx. (Donaldson et al. 2006a (Donaldson et al. , 2006b . In contrast to salicinoids, tannins are highly inducible (Osier and Lindroth 2006) . Nevertheless, despite generally low-tannin concentrations (<10% of dry weight (DW) in leaves), high-and low-CT genotypes of Populus tremula L. (European aspen, hereafter aspen) can be recognized, which respectively have relatively high-and low-CT contents across time, developmental stages and growing conditions (Bandau et al. 2015) . Harding et al. (2013) suggested that tannin production in aspen plants may correlate with their organs' intrinsic competitive ability for photo-assimilates (i.e., sink strength). If tannin levels are indicative of differences in fluxes or processes related to catabolic rates, the typically large and genotypic-specific differences in tannin levels of aspen (P. tremula as well as P. tremuloides) could reflect variations in carbon allocation strategies. Accordingly, high tannin production has been associated with reduced growth in P. tremuloides (Cole et al. 2016) , and tannin levels are strongly and genotypedependently related to nutrient addition (Osier and Lindroth 2006 , Bandau et al. 2015 , Madritch and Lindroth 2015 , confirming substantial trade-offs between growth and various chemical defenses. Such biosynthetic priorities may potentially give rise to diverse competitive advantages both among species (Orians et al. 2000 , Schweitzer et al. 2004 , 2008 and within populations (Bandau et al. 2015 , Cole et al. 2016 .
Trade-offs at the molecular level may determine the extent to which specific phenolics are synthesized. For example, concentrations of CTs and salicinoids are often negatively related (Orians and Fritz 1995 , Donaldson et al. 2006a , 2006b , Stevens et al. 2007 , Cole et al. 2016 . Furthermore, Harding et al. (2009) found that salicinoid accumulation increased in a slow growing (tannin-rich) P. fremontii × angustifolia line (but not a fast-growing line) under nitrogen (N) limitation, and production of strongly bioactive salicinoid compounds may be advantageous in aspen grown in exposed environments (Keefover-Ring et al. 2014a) .
In the study presented here we addressed possible correlations and links between carbon allocation priorities in aspen genets and their intrinsic rates of CT synthesis and storage. For this purpose we selected both high-and low-tannin genotypes from the SwAsp collection (Luquez 2008) . We then used quantitative-reverse transcription PCR (RT-qPCR) to assess expression patterns of eight genes encoding products that act at major branching points in the PPP (Figure 1) , and their responses to increases in N availability. The regulatory processes of the phenylpropanoid biosynthetic pathway are far from resolved, but parts of the pathway are known Figure 1 . Overview of the PPP with enzymes (capital abbreviations) that mediate biosynthesis of the main classes of phenolics: salicinoids, lignins, flavones and flavonols, CTs and anthocyanins. Paralogs of genes that were most strongly expressed in young leaves in P. tremula, according to the PopGenIE database (beta.popgenie.org), were selected for expression analysis.
Tree Physiology Online at http://www.treephys.oxfordjournals.org to be co-regulated (Kubasek et al 1992 , Mellway et al. 2009 ) and (for example) co-induced by light in MYB134-overexpressing poplars. We hypothesized that PPP gene responses to soil N could involve: central regulation by a single entrance gene (PAL); differential regulation through co-activation of genes; or expression at constant levels, but with 'dilution' of effects by other biosynthetic activities. We also expected to detect higher levels of gene activity in intrinsically high-tannin producers than in low-tannin producers, due to the expectation that tannins would depend on sink strength (Harding et al. 2005 (Harding et al. , 2013 and therefore be related to metabolic flux or biosynthetic rates. Significant tannin levels have indeed been related to slow growth, but we hypothesized that the high-CT genets, if associated with sink strength, might respond more strongly to N enrichment than low-CT genets, for example in terms of superior growth. We further questioned whether the differences in defense phenolics might be a result of changes in gene activity or simply a dilution effect if the PPP genes were not able to keep up with the primary metabolism after N addition.
We measured the expression of selected PPP genes and related phenolic pools to investigate differences in metabolic fluxes in aspen genets with extreme tannin contents. We predicted that constraints within the plants would be manifested as negative relationships, e.g., between phenolic pools within leaves, between PPP gene expression (in young leaves) and phenolic profiles, and/or as spatial trade-offs between phenolic pools in sink (young) and source (mature) leaves. Assuming that defense compounds are costly to produce (Stamp 2003) , we expected the phenolic dynamics of low-CT genets to be constrained relative to that of the high-CT trees. Therefore, we also expected tradeoffs or negative correlation between PPP gene expression levels and phenolic pools to be more common in low-CT genets compared with high-CT genets. In particular, we expected to detect more negative correlations between PPP gene expression and phenolic pools in the low-CT trees under ambient N conditions.
Materials and methods

Plant material preparation
Eight aspen (P. tremula) genotypes from the SwAsp collection (Luquez et al. 2008) were selected for this study: four that had consistently high tannin levels across environments and four that had consistently low levels (Bandau et al. 2015) . The high-CT genets (SwAsp 5, 26, 51 and 65) had an average tannin concentration of 49.37 ± 1.24 mg g −1 DW, and low-CT genets (SwAsp 18, 23, 50 and 60) an average of 31.34 ± 4.27 mg g −1 DW across 2 years, under varying field conditions (Bandau et al. 2015 ; Figure S1 available as Supplementary Data at Tree Physiology Online). The plants were the same as those reported by Bandau et al. (2015) , except that we excluded two northern genets that had set buds before harvest and were unsuitable for gene expression studies. ), and industrial forest fertilization (150 kg N ha −1 ). The unfertilized soil was a mixture of sand, peat and loam (51:48:1) and thus naturally low in N. During the experiment, between 5 July and 23 August 2011, the plants were grown in 5-l pots in a walled, outdoor facility at the Umeå campus of the Swedish University of Agricultural Sciences (SLU, Latitude: 63°49'N, Longitude: 20°16'E). A sunscreen initially protected the young plants from direct sunlight. The weather was mostly sunny, with average daily temperatures of 15°C. Pots were watered daily and did not, at any point, become either waterlogged due to rain, or dry out. Young leaves have been selected for gene expression analyses in similar studies (Tsai et al. 2006 , Sjödin et al. 2009 , Hao et al. 2011 , and the first fully expanded mature leaf on a branch is commonly used for plant physiology and chemical ecology studies (Orians and Fritz 1995) . Thus, the first uncurled leaf longer than 1 cm (hereafter young leaf) was collected from each plant and flashfrozen in liquid N for later gene expression analyses. Leaf tissue was ground to fine powder using mortars and pestles under constant liquid N cooling then stored at −80°C until transcriptional and metabolic analyses. The first fully expanded mature leaf (varying between positions 9 and 18, depending on genet and treatment) was also sampled, freeze-dried and kept at −20°C for phenolic analyses. Five sequential leaves below that leaf were harvested for assessments of polyphenolics (i.e., CTs and lignins; see Bandau et al. 2015) .
Gene selection and expression analysis
Paralogs from eight phenylpropanoid gene families (PAL, C4H, 4CL, CHS, CHL, F3H, DFR and ANS; relevant for the enzymes indicated in Figure 1 ) that are most strongly expressed in young leaves were selected using the Phytozome (http://www. phytozome.net/) and PopGenIE (http://popgenie.org/; Sjödin et al. 2009 ) databases. Gene-specific primers (Table S4 available as Supplementary Data at Tree Physiology Online) were designed using the online tools primer3 (http://frodo.wi.mit.edu/) and primer3plus (http://www.bioinformatics.nl/cgi-bin/primer3plus/ primer3plus.cgi/). Oligos were synthesized by Cybergene AB (Sweden).
Total RNA was extracted from young leaf samples using the modified cetyltrimethylammonium bromide (CTAB-LiCl) method (Chang et al. 1993 , Bhalerao et al. 2003 ) then cleaned-up using a RNeasy Mini Kit (Qiagen GmbH, Hilden, Germany) and Ambion ® DNase I (RNase-free, Invitrogen, Stockholm, Sweden).
Total RNA concentrations were measured using a Nanodrop ® 2000 UV-Vis Spectrophotometer (Thermo Scientific, Wilmington, DE, USA). In addition, the integrity and purity of the RNA samples were checked by electrophoretic separation and UV imaging (all samples), and (for 40 randomly selected samples) using an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). Real-time qRT-PCR was performed with cDNA equivalent to 1 µg of total RNA, using iQ SYBR Green Supermix (Biorad, Solna, Sweden) and a CFX96 Real-Time PCR system (Biorad). Three to five biological and two technical replicates were processed in each PCR amplification run using 40 cycles of denaturation at 95°C for 10 s, annealing for 10 s at 51-55°C (depending on the primers' annealing temperature), and 20 s extension at 72°C using genespecific primers. Melt curves of the products were acquired to check the specificity of the amplicons. Relative expression levels of PPP genes were calculated using the ΔC q method described by Tsai et al. (2006) . Threshold levels and inter-plate calibration were adjusted using CFX Manager software (Biorad). Geometric means of transcript levels of two reference genes-ACT1 (Actin 1) and TIP41-like (Tap42-interacting protein 41-like)-were applied for normalization in all cases. Stability values of these genes are 0.159 and 0.546, respectively, according to BestKeeper (Pfaffl et al. 2004 ). The expression of each monitored gene was related to the level in the genet that expressed it most weakly (which was set to one) and patterns were visualized using GENE-E (http:// www.broadinstitute.org/cancer/software/GENE-E/).
Phenolic analyses
A fraction of the powder that had been prepared for gene expression analyses was used to assess phenolic profiles in each young leaf samples (N = 96). Corresponding samples were prepared from mature leaves (N = 96) by grinding them to powder (after freeze-drying) using a MM 301 Vibration Bead Mill (Retsch GmbH and Co. KG, Haan, Germany) at 25 Hz for 3 min. Phenolic compounds (listed in Table 2 ) were then extracted from the powdered samples using the chloroform-methanol method described by Abreu et al. (2011) . Briefly, 7.00 ± 1.00 mg of powder of young leaves or 10.00 ± 1.00 mg of powder of mature leaves was dissolved in 10 µl cold methanol and diluted with 90 µl cold water containing 0.1% formic acid, prior to ultra-high performance liquid chromatography (UPLC)-electrospray ionization/timeof-flight mass spectrometry (ESI/TOFMS). A 2 µl portion of each sample supplemented with 7 ng µl -1 of [ 2 H 6 ] salicylic acid (Isotec, Miamisburg, OH, USA) as an internal standard was injected and separated using a C18 UPLC™ column with a mobile phase program consisting of 1-20% B over 0-4 min, 20-40% B (4-6 min), 40-95% B (6-9 min), 95% B (9-13.5 min), where B was acetonitrile containing 0.1% formic acid, A was H 2 O containing 0.1% formic acid and the flow rate was 500 μl min −1
. The eluate was passed through a PDA detector scanning from 210 to 400 nm at a sampling rate of 20 points s −1 with 1.2 nm resolution, and then directly into the ESI source for fragmentation of the analytes in negative ionization mode. Standards included: salicin and catechin (from Sigma-Aldrich, Stockholm, Sweden), rutin (Fluka, through Sigma-Aldrich, Stockholm, Sweden), salicortin and HCH-salicortin supplied by Prof. Lindroth (University of Wisconsin); and cinnamoyl-salicortin and tremulacin isolated from aspen (Keefover-Ring et al. 2014b) . Additional compounds were identified with LC-MS-derived molecular weights and retention times according to Abreu et al. (2011) and Caseys et al. (2012) . Phenolic polymers of lignins and CTs in mature leaves were assessed using the acid-detergent fiber-sulfuric acid (Rowland and Roberts 1994) and acid:butanol (Porter et al. 1985 ; also see Bandau et al. 2015) methods, respectively. Water content varied among genets (ANOVA: F = 10.32, P = 0.002), so genet-specific conversion factors (close to 60%) were used to relate fresh weight (FW) to DW.
Statistical analysis
MANOVAs and nested ANOVAs were used to partition effects of tannin group (high-CT and low-CT genets), N treatment and genet nested within tannin group on transcriptional and metabolic responses. Correlations (average linkage and Pearson distance metrics) were calculated to create heatmaps of relationships between gene expression and phenolic pools. Effects of selected genes (PAL, the entrance to the PPP and DFR1, the entrance to tannin metabolism) and tannin precursors in young and mature leaves were included, with genotypic and tannin group, in a generalized linear model (GLM) constructed to explain variations in tannin levels across treatments. A Mantel test was applied to test correlations between matrices formed from two CT groups × three N levels × two leaf age combinations (12 combinations in total). Most analyses were performed with R software (http://www.R-project.org), including the lattice package for Pearson correlations (Sarkar 2008 ) and the vegan package for the Mantel test (Oksanen et al. 2015) . The GLM was implemented in JMP (Ver 7.02).
Results
PPP genes' expression correlates with CT richness and responds to changes in N availability MANOVA showed that expression levels of the PPP genes were systematically related to tannin group (Pillai's trace = 0.6, F (1, 8) = 15.2, P < 0.001) and soil N treatment (Pillai's trace = 0.9, F (2, 16) = 7.8, P < 0.001). The expression of each gene varied up to 10-fold among genets and treatments (Figure 2) . PPP gene expression was strongest in high-CT genets, particularly under ambient N conditions (with no added N). With N supplementation intended to mimic atmospheric N deposition (15 kg N ha −1 ), the expression of genes throughout the pathway was weaker (Figure 2) . However, effects of the high N supplementation (150 kg N ha −1 ) diverged along the pathway, and differences in expression profiles of highand low-CT genets were more modest than those observed under the ambient N treatment (Figure 2) . The expression of genes at the entrance of the PPP (PAL3, 4CL and CHS1), and the genes further downstream in the PPP branch leading to anthocyanins
Tree Physiology Online at http://www.treephys.oxfordjournals.org (ANS2), was generally up-regulated, while the expression of genes leading to tannins (DFR1, LAR3 and ANR2) was downregulated. Nested ANOVA confirmed the presence of interactive effects of treatment and tannin group on the intermediate genes (CHI, DFR1, LAR3 and ANR2) and only main effects of tannin group and N were supported by the model for the entrance genes (PAL3, 4CL and CHS1) and ANS2 (Table 1) .
Foliar phenolic pools are influenced by genets' intrinsic tannin richness, N availability and leaf age Twenty-two foliar phenolic compounds of five functional classes (salicinoids, lignin precursors, flavones and flavonols, tannin precursors and anthocyanins) were detected in UPLC-TOF/MS chromatograms. MANOVA confirmed an effect of tannin group and N on the composition of phenolic compounds (including polymers) in both young leaves (for tannin group Pillai's trace = 0.8, F (1, 23) = 7.1, P < 0.001; and for N treatment Pillai's trace = 1.2, F (2, 46) = 3.0, P < 0.001) and mature leaves (for tannin group Pillai's trace = 0.9, F (1, 23) = 14.0, P < 0.001; and for N treatment Pillai's trace = 1.0, F (2, 46) = 2.3, P < 0.001).
Tannin group and soil fertility were also related to concentrations of individual phenolic compounds in young and mature leaves, when effects of individual genets (nested within tannin group) were accounted for (Table 2 ). These general effects of leaf age, tannin group and nutrient level were conserved when data regarding individual compounds were pooled by phenolic class (Figure 3 ; Table S2 available as Supplementary Data at Tree Physiology Online).
Salicinoids Low-CT plants had higher salicinoid levels than high-CT plants but only for mature leaves (F = 9.96, P = 0.0025), whose total salicinoid levels were roughly three times those of the young leaves (Table 2, Figure 3 ; Table S2 available as Supplementary Data at Tree Physiology Online). Nitrogen addition did not affect levels of total salicinoids, although it increased levels of single compounds, for example tremuloidin and (in mature leaves, but not young leaves) acetyl-salicortin (see Table S3 available as Supplementary Data at Tree Physiology Online).
Flavonoids The lignin precursor, Caffeoyl quinic acid, was affected by both tannin group and N enhancement, but only in young leaves (Table 2) , although levels increased with age (see Table S3 available as Supplementary Data at Tree Physiology Online).
Flavones and flavonols also increased with leaf age (see Table S3 available as Supplementary Data at Tree Physiology Online), and the signatures of tannin group and N addition were only detected in young leaves (Table 2) .
Tannin precursors' relationship to tannin group and N also differed between leaf ages. In the young leaves we found higher levels associated with the high-CT group and no effect of N. A reverse effect was present in the mature leaves. Here tannin precursor levels decreased with N and there was no difference between CT groups. However, low-CT plants gained slightly higher concentrations when N was added (Figure 3 ; variations in contents of specific precursors are listed in Table S2 available as Supplementary Data at Tree Physiology Online). Figure 3 and previously reported in Bandau et al. (2015) foliar tannin levels reflected the selection of extreme genets from the SwAsp population of aspen (Luquez et al. 2008 ) that naturally vary in foliar tannins. Tannin levels also decreased with N addition as expected (Herms and Mattson 1992) . CHI 0.41 6.8*** 14.8*** 13.7*** 3.8** 4.8* DFR1 0.52 10.0*** 59.0*** 12.2*** 3.4** 3.2* LAR3 0.56 11.4*** 61.0*** 14.9*** 4.4*** 4.1* ANR2 0.66 17.4*** 122.2*** 4.8* 6.9*** 9.1*** ANS2 0.50 9.1*** 39.0*** 16.5*** 4.2** 1.6 n.s. ***P < 0.001; **P < 0.01; *P < 0.05; n.s. P > 0.05.
Condensed tannins As shown in
Tree Physiology Volume 37, 2017 Figure 3 . Phenolic responses to soil fertilization in young and mature leaves of aspen genets with intrinsically high and low levels of tannin production (CThigh and CTlow, respectively). Pooled data for the main phenolic classes: salicinoids; TanP, tannin precursors (Table 2) . Mean values (mg g −1 DW, ± SE) are presented for high-CT (black) and low-CT (white) groups under the three N treatments. Bandau et al. (2015) . ***P < 0.001; **P < 0.01; *P < 0.05; n.s. P > 0.05.
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Correlations between gene expression and phenolic profiles depend on genets' intrinsic tannin richness and N availability Gene-gene expression Gene expression levels were mostly positively correlated across the entire PPP ( Figure 4 , Section GG; see also Figure 2 ), and particularly strongly in high-CT aspens under ambient N conditions (Figure 4 , Section GG).
Gene expression and phenolic pools Correlation patterns between gene expression and levels of phenolic compounds varied with CT group and N treatment (Figure 4) . Negative relationships were more frequent in low-CT plants. In ambient N conditions there were strong negative relationships between expression levels of various PPP genes and CT precursors (Sections GY and GM). These relationships were restricted to correlations between phenolic pools and expression levels of a few early genes in the pathway (including PAL, 4CL and CHS1) in young leaves (Section GY), but included correlations between phenolics and both early genes and genes further down the pathway (DFR1, ANR2 and LAR3) in mature leaves (Section GM).
With increasing N addition more negative relationships were detected, particularly between gene expression and salicinoid levels in young leaves, and between gene expression and levels of salicinoids, tannin precursors and CTs in mature leaves. These relationships were strong in the low-CT genets but very weak in the high-CT group, although there was a consistently negative relationship between CHS1 expression and levels of salicinoids in mature leaves of both CT groups.
A linear regression model (GLM: distribution, normal; link, identity; Table 3 ) was constructed to explore relationships between gene expression patterns and tannin levels across treatments for each tannin group. The effect of tannin group was strongly supported by the model (F = 21.34, P < 0.0001) when controlling for the effect of genets (F = 60.02, P < 0.0001). Expression levels of the entrance gene to the PPP (PAL) and the gene leading to the tannin branch (DFR1) were also related to resulting tannin levels: PAL negatively (F = 4.54, P = 0.033) and DFR1 positively (F = 6.99, P = 0.008). The model further suggested that precursor levels in young leaves (F = 0.45, P >> 0.05) generally had minor effects of resulting tannin levels, compared with precursor levels in mature leaves (F = 43.29, P << 0.0001). A Mantel test indicated that the general effect of added N was minor: none of the correlation coefficients were significant. However, for all sampled tissues except young leaves of high-CT plants, intermediate N supplementation consistently increased the coefficients and high N supplementation consistently reduced them (see Figure S1 available as Supplementary Data at Tree Physiology Online).
Discussion
We found complex dynamic relationships between gene expression profiles, pools of tannin precursors and end phenolic compounds in responses of young aspen to both intrinsic and environmental factors. Phenylpropanoid genes were consistently expressed more strongly in genets with inherently high levels of Figure 4 . Correlograms of relationships between expression of PPP genes (Gene) and concentrations of main phenolic classes in young (YL) and mature (ML) leaves of aspen genets with intrinsically high and low levels of tannin production (CT-high and CT-low, respectively) grown in soil with the three N levels. Positive correlations are shown in blue and negative correlations in red, with color intensity reflecting their strength. Names of genes and compounds correspond to names in Figure 1 . Specific sections of the correlograms are referred to in the text by letters indicated in their right corners.
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CTs, and intermediate N additions (mimicking N deposition) reduced their expression, regardless of genets' intrinsic tannin status. Higher N additions (mimicking commercial fertilization) restored expression of a cluster of early PPP genes and a late PPP gene. As a group, despite genotypic variability, and as reported in a previous study (Bandau et al. 2015) , the high-CT trees grew on average slower than the low-CT trees when no or the low dose of N was added. At the highest N addition level the high-CT group grew better compared with members of the low-CT group, in terms of height, leaf area, relative growth rate and final biomass (Bandau et al. 2015) . The dynamic relations between levels of tannin precursors and CTs further suggested that conversions from precursors to end products are generally faster in aspens with intrinsically high tannin levels. Taken together, our results indicate that there are several constraints or regulatory nodes in the PPP gene expression and phenolic metabolism networks that may restrict CT production in low-CT trees under high soil N conditions, and growth (or at least carbon allocation to other pathways) of high-CT trees under low N conditions. PPP gene expression depends on tannin group, N availability and position in the pathway For each PPP step studied, we selected the paralog most relevant for phenolic metabolism in leaf tissues identified by Phytozome (phytozome.jgi.doe.gov/pz/portal.html) and PopGenIE (Sjödin et al. 2009 ), as expression levels differ among paralogs in different tissues (Tsai et al. 2006) . These PPP genes were consistently expressed more strongly throughout the pathway in high-CT genets than in low-CT genets (Figure 2) . The genes' positions in the PPP also influenced their responses to N addition. Generally strong gene expression in high-CT genets was relaxed with N addition, and entrance genes (PAL, 4CL and CHS) were strongly upregulated at the highest nutrient level, together with the late PPP gene ANS (which leads to synthesis of the anthocyanin precursor anthocyanidin, Figure 2 ). Transcription factors may be responsible for such co-regulation. Accordingly, Kubasek et al. (1992) suggested that two sets of PPP genes are co-expressed in Arabidopsis: an early set (acting close to PAL) and a later set (acting close to DFR). Furthermore, over-expression of the transcription factor MBY134 in poplars co-induces these same PPP entrance genes in response to a light treatment (Mellway et al. 2009 ), and increases tannin levels (Boeckler et al. 2014) . Thus, our results support previous findings of complex control of the PPP, including co-regulation of genes encoding enzymes that act at the beginning and end of the pathway.
Tannin content links temporal and spatial phenolic dynamics
Young leaves are frequently used for gene expression studies (Tsai et al. 2006 , Sjödin et al. 2009 , Feng et al. 2010 , Hao et al. 2011 , and mature leaves are commonly used in plant physiology and chemical ecology studies (Orians and Fritz 1995 , Ruuhola and Julkunen-Tiitto 2000 , Barbehenn and Constabel 2011 , Bernhardsson et al. 2013 , Mason et al. 2014 , Cole et al. 2016 ). Thus, we analyzed both young and mature leaves to compare their pools of foliar phenolics, focusing particularly on signs of limiting factors or allocation trade-offs.
Although tannin levels decreased with increases in N availability, in accordance with predictions by Herms and Mattson (1992) , concentrations of other phenolic compounds responded differently from the N treatments (Figure 3 ). In agreement with previous findings (Ruuhola and Julkunen-Tiitto 2000 , Osier and Lindroth 2006 , Robinson et al. 2012 , Keefover-Ring et al. 2014a ), salicinoid contents were fairly constant across the N gradient. An exception was tremuloidin, which increased with N both in young and mature leaves (see Table S3a available as Supplementary Data at Tree Physiology Online). Moreover, salicinoids were more abundant in mature leaves and as suggested in the literature (Orians and Fritz 1995 , Donaldson et al. 2006a , 2006b , Stevens et al. 2007 , Cole et al. 2016 ) they were also more abundant in low-CT genets compared with high-CT genets.
It should be noted that we found substantial among-genet differences within high-and low-CT groups in terms of the general effects of intrinsic (tannin group) and extrinsic (N supplementation) factors. The complex relationships between the PPP, its precursors and its products likely reflect the PPP's nature as the core of a highly branched or even reticulate network of anabolic reactions, rather than a channel leading to a single end product (Tsai et al. 2006 ). This probably also complicates detection of simple Table 3 . Relationships between foliar tannin contents (mg g −1 DW) and expression of two PPP genes (PAL and DRF in young leaves) and tannin precursor pools (mg g −1 DW in young and mature leaves). Model, GLM; response, foliar condensed tannins; distribution, normal; link function, identity. Model χ 2 , 122.93; DF, 11; P < 0.0001. Goodness of fit: χ 2 , 108.58; DF, 62; P < 0.0002; overdispersion, 1.47. ***P < 0.001; **P < 0.01; *P < 0.05; n.s. P > 0.05.
Tree Physiology Online at http://www.treephys.oxfordjournals.org substrate bottlenecks and allocation trade-offs; and curiously the majority of the phenolic relationships in our study were positively correlated. Phenolic compounds have diverse functions, both structural (particularly lignins) and defensive, and the reticulate nature of their synthesis may enable evolutionarily advantageous strategies for the production of defense compounds (Firn and Jones 2000, Weng 2014 ). The metabolic outcome of expression of genes at given levels may be regulated at numerous steps (directly or indirectly), including protein biosynthesis, post-translation processing and all the processes that influence substrate availability. We have focused on transcription of PPP genes, precursors and the final phenolic products, but ignored other possible regulatory steps for practical reasons. However, our study indicates that processes involved in the control of allocation patterns in aspen may include fine-tuning of the PPP in responses to N.
Conclusion
We found that expression of genes throughout the PPP was reduced by N addition, and production of phenolics other than CTs was prioritized under high N conditions (for example the salicinoids salicin and tremuloidin and the anthocyanin pelargonidin in both young and mature leaves, and flavonoids mainly in mature leaves; Table S3 available as Supplementary Data at Tree Physiology Online). Some of these phenolics may also have antiherbivory functions Kochmanski 2013, Volf et al. 2015) , although they are not traditionally regarded as main defense chemicals in the Salicaceae family (Orians and Fritz 1995 , Constabel and Lindroth 2010 , Robinson et al. 2012 . High-CT genets had higher levels of tannin precursors (catechin, epicatechin and gallocatechin) in their young leaves than low-CT genets, and these levels appeared relatively weakly affected by N addition. However, precursor pools in mature leaves were similar in both tannin groups, but like CT concentrations in the same leaves, they diminished following N addition. Taken together, these results indicate that positive correlations between gene expression profiles and phenolic pools were more common than negative correlations, and when the latter occur, they may arise due to flux-based constraints related to spatial aspects (leaves of different developmental stages) in the plant.
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